Objective-In rodents, diets exceeding nutritional requirements (i.e. high-energy diets; HED) impair hippocampal-dependent memory. Our research suggests that the effects likely involve HED-induced increases in liver lipids. In this experiment, we provided rats with diet choices and tested whether voluntary consumption of a HED impairs spatial memory, whether differences in initial weight gain predict memory deficits, and whether increases in liver lipids are associated with the memory deficits.
Introduction
There has been an alarming increase in the prevalence of obesity over the past several decades. Currently, more than 60% of the adult population in the United States is considered to be overweight or obese (1) and the overconsumption of high fat and high sugar foods is a major contributing factor to this epidemic. Evidence suggests that overconsumption of highenergy foods negatively impacts brain function. For instance, in humans, obesity is associated with impaired cognition (2, 3) . In rodents, the consumption of a high-energy diet (HED) impairs hippocampal-dependent learning and memory (4) (5) (6) (7) .
Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research, subject always to the full Conditions of use:http://www.nature.com/authors/editorial_policies/license. html#terms We recently showed that the memory impairing effects of consuming a pelleted 60% fructose diet are associated with elevated liver lipids (7) . Approximately 70% of overweight and obese individuals meet the diagnostic criteria for non-alcoholic fatty liver disease (NAFLD, 8) . NAFLD is the most common form of liver disease and is prevalent in 15-30% of the normal population (9) . Increases in liver lipid concentrations in rats cause metabolic dysfunctions such as insulin resistance (10) , oxidative stress (11) , and alterations in lipid homeostasis (12) . Several lines of evidence suggest that elevated plasma lipids (4, 13) and insulin resistance (5, 14) contribute to the memory-impairing effects of HEDs and obesity. Thus, fatty liver induced metabolic disturbances may contribute to hippocampal-dependent memory deficits.
A limitation of previous studies examining the effects of effects of HEDs on memory is that the diets contained the fat and/or sugars in a single pellet and nutritional alternatives were not provided (e.g., 4). Therefore, the investigator, rather than the rodent, determined the macronutrient composition of the calories consumed. Consequently, the physiological relevance of these diets to human voluntary food intake is questionable. It is well established that rodents show a variable response to high energy diets such that only a subset of rats who consume a high energy diet will become obese (15) (16) (17) (18) (19) (20) As a result, we hypothesized that voluntary consumption of a HED would impair memory only in those rats that become obese. To test this, we used a tertile split to divide rats based on percent change in body mass during the first 5 days on the choice diet. This split was performed on the basis of previous findings showing that after 5 days on the choice diet rats in the upper tertile will become obese 4-6 weeks later; those in the bottom tertile will not (15) . This would also allow us to determine whether any memory deficits could be predicted.
Based on the evidence reviewed above, we tested: 1) whether voluntary consumption of a HED impairs hippocampal-dependent memory, 2) whether individual differences in weight gain responses to the diet predict memory deficits, and 3) whether elevated liver lipid concentrations are associated with memory deficits. To do so, adult male rats were maintained on a standard laboratory diet or placed on a HED with choices of sucrose, fat, standard chow and tap water (21) . After 8 weeks, hippocampal-dependent learning and memory were tested in the spatial water maze. Postmortem fat pad masses and liver lipid concentrations were quantified. diet or the HED. The HED group (n=71) was given Purina 5001 rodent chow (3.01 kcal/g; Gray Summit, MO), a glass petri dish containing lard (9.0 kcal/g; Armour; Omaha, NE), one bottle of tap water, and one bottle containing a 32% sucrose solution (3.75kcal/g of sucrose) ad libitum (21) . The control group (n=26) was provided with Purina 5001 rodent chow, two bottles of tap water ad libitum, and an empty petri dish was placed in the cage. Body mass and chow, lard, tap water, and sucrose intake were measured at regular intervals. Chow intake was corrected for spillage. Fresh lard was provided every other day and fresh chow and water were provided every 3 days throughout the duration of the study.
Tail Blood Collection
In order to quantify in vivo plasma TG concentrations, tail blood was collected 1 day before and then 49 days after beginning the diet. The 49 day time-point, which occurred 1 week before behavioral training, was selected to be close in time to the behavioral training without potentially allowing the stressfulness of the manipulation to affect behavior. For the 2 days prior to both blood collections, the rats were handled by placing them into a folded towel and stroking the exposed tail for 2 minutes. To collect blood, the rats were placed in the towel, the bottom of the tail was cleaned with betadine, and a small incision was made approximately 15 mm from the tip. The tail was stroked gently and the blood was collected into heparin-treated tubes (StatSampler, Westwood, MA) and placed on ice. Samples were then centrifuged and stored at −80°C for later analysis.
Spatial Water Maze
After 8 weeks on the control or HED, rats were trained in a hippocampal-dependent spatial version of the water maze (22) . The rats were trained over 3 days to use extra-maze cues to learn the location of a submerged platform (11.5 cm) in a circular pool (1.35m wide and 0.46m deep) filled with water (18-22°C). For the purpose of analysis, the pool was divided into four virtual quadrants with the quadrant containing the platform designated as the target quadrant. On the first day of training, the rats were placed on the submerged platform for 30 seconds before the beginning of the first training trial. For each trial, the rat was placed in the pool facing the wall in the middle of one of three randomly chosen non-target quadrants. If the rat did not locate the platform in 60 sec, the experimenter guided the rat gently to the platform. At the end of each trial the rat was allowed to remain on the platform for 15 sec and then placed in an empty cage under a heat lamp for a 30 sec inter-trial interval. During this time, fecal matter was removed from the pool and the water was stirred. Each rat was given 8 acquisition trials on the first and second day of training and 4 trials on the third day. Forty-eight hours following the last training trial, a memory test was administered with the platform removed from the pool. All rats were placed in the pool from the same novel location and allowed 20 sec to swim in the pool.
A camera mounted above the pool recorded behavior for later analysis. The latency to reach the platform for each trial was used as a measure of acquisition. The time spent in the target quadrant, the latency to the target quadrant, the latency to the platform location, the average proximity to the previous platform location, and the path length across the 20 sec probe test were used as memory measures. In addition, swim speed also was measured.
Post-mortem Measures
Forty-eight hours following the memory probe, the rats were fasted for 4 hours and then anesthetized (5% isoflurane; 95% oxygen) prior to decapitation. Trunk blood was collected for measurement of terminal plasma TG concentrations. The liver was removed and rapidly frozen for future measurement of hepatic lipids. To confirm obesity, white adipose tissue depots [epididymal (EWAT), inguinal (IWAT), retroperitoneal and perirenal (RWAT)] were collected and weighed. Plasma TG concentrations were measured using a commercially available colorimetric kit (Sigma, St. Louis, MO). The assay was conducted according to the manufacturer's recommendations. Hepatic lipids were extracted via the Folch method (23).
Data Analysis
To test the hypothesis that voluntary consumption of a HED would only impair memory in those rats that become obese and to determine whether any memory deficits could be predicted, a tertile split was used to divide HED rats based on the percent change in body mass during the first 5 days on the diet. Rats in the bottom tertile (i.e. those with the least percent change in body mass) were defined as HED-Lean (n=18). The rats in the top tertile (i.e. those that had the largest percent change in body mass) were labeled HED-Obese (n=17). Thirty-five rats from the middle tertile were removed from the study and excluded from further analysis.
The spatial water maze data were analyzed for behavioral outliers by computing z-scores for each group and excluding those rats that had a z-score greater than 2 on two or more behavioral measures. As a result, four control, one HED-Lean, and two HED-Obese rats were removed from the subsequent analyses. In addition, 2 HED-Lean rats were excluded because the probe recordings could not be analyzed. Lastly, one HED-Obese rat was removed from all analyses due to a brain abnormality (i.e. enlarged ventricles, no apparent hippocampus, and underdeveloped cortex). Thus, the final number of rats in each group was Control n=22, HED-Lean=15, and HED-Obese=15.
All statistical analyses were performed using Statistical Package for Social Sciences (SPSS) version 18. A between subjects t-test was used to analyze the differences in the percent change in body mass and caloric consumption during the first 5 days of diet consumption in control versus HED rats before the tertile split. One-way ANOVAs and post-hoc Tukey-HSD tests were computed to analyze differences between control, HED-Lean and HEDObese in caloric consumption, percent change in body mass, fat pad mass, hepatic lipid concentrations, terminal plasma TG concentrations, time spent in the target quadrant, and proximity to the platform. Given that the latency to the target quadrant was not normally distributed, a Kruskal-Wallis and Mann-Whitney U post-hoc tests were used to analyze these data. Only the rats that reached the platform location were included in the analysis of latency to the platform location and path length; therefore, Kruskal-Wallis and MannWhitney U post-hoc tests also were used to analyze these measures. A t-test was used to compare lard and sucrose consumption between the HED-Lean and HED-Obese groups. A 3 × 2 mixed ANOVA was used to analyze diet-induced changes in TG concentrations over time, with diet groups as the between measure and time as the repeated measure. Lastly, Pearson r correlations were computed to determine the relation between food intake and memory measures and between liver lipids and memory measures. All analyses were significant when p<.05
Results

Body mass & food consumption first 5 days
During the first 5 days of the diet, the HED significantly increased total daily caloric consumption [t (95) =18.869, p<0.05; Table 1 ]. Compared with the control group, the HED rats consumed fewer calories from chow [t (95) =19.163, p<0.05; Table 1 ]. The increase in total calories consumed in the HED rats did not lead to a significant increase in the percent change in body mass during the first 5 days on the diet (Control: x̄ = 10.25±0.59%; HED: x̄ = 12.80±0.95%). When a tertile division was used to divide the rats into a HED-Lean group (bottom 33%) and HED-Obese group (top 33%) based on percent change in body mass during the first 5 days, there was a significant effect of diet on percent change in body mass [F(2,49)=73.485, p<0.05; Table 1 ]. HED-Lean rats gained less weight than controls and the HED-Obese group gained more weight than both the control and HED-Lean groups (both p<0.05).
During the first 5 days of the diet, there was a significant effect of the HED on total caloric intake [F (2, 49) =187.480, p<0.05; 
Body mass & food consumption 8 weeks
A similar effect of diet on consumption patterns remained after 8 weeks of diet exposure. That is, the HED-Lean and HED-Obese groups consumed less calories from chow [F (2, 49) =318.489, p<0.05; Table 1 ], but more total calories than controls [F (2, 49) =136.085, p<0.05]. The HED-Lean group still ingested significantly fewer calories from lard than the HED-Obese rats [t (28) =2.800, p=0.05]; however, there were no longer any differences between these groups in the calories consumed from sucrose [t(28)=0.308, p>0.05]. Weight gain after 8 weeks on the diet did not completely parallel weight gain during the first 5 days (p<0.05; Table 1 ). HED-Obese rats still had a higher percent change in body mass than the control and HED-Lean rats [F(2,37)=21.268, p<0.05]; however, the control and HED-Lean rats no longer differed significantly in percent change in body mass (p=0.587).
Fat pad masses
There was a significant effect of diet on IWAT [F (2, 18) Fig. 1 ]. HED-Obese rats had heavier IWAT mass than controls and significantly elevated EWAT and RWAT masses compared with both the control and HED-Lean groups (all p<0.05). The HED-Lean rats had significantly heavier RWAT fat pads than controls (p<0.05); however, IWAT and EWAT did not significantly differ between the HED-Lean and control rats. Fig. 3A-D] . More specifically, compared with control and HED-Lean rats, the HED-Obese rats took significantly longer to reach the platform location [U=19.00, p<0.05 vs., control; U=14.00, p<0.05 vs. HED-Lean] and had significantly longer path lengths [U=20.00, p<0.05 vs. control; U=16.00, p<0.05 vs. HED-Lean] Compared with the control group, the HED-Obese group had longer latencies to reach the target quadrant [U=74.00, p<0.05] and spent significantly less time in the target quadrant (p<0.05). There was a tendency for the diet to effect the proximity to the platform [F(2,49)=3.117, p=0.053; Fig. 3E ] and post-hoc analysis revealed that the HED-Obese group swam significantly farther away from the platform location over the 20 sec test than the control group (p<0.05). There were no significant differences among the groups in swim speed [F (2, 49) =0.098, p=0.907; Fig. 3F ].
Spatial water maze
Plasma TG and hepatic lipid concentration
There was a significant effect of the HED on hepatic lipid concentrations [F (2, 37) =8.115; p<0.05; Fig. 4A ]. The HED only significantly increased hepatic lipid concentrations in HED-Obese rats.
There was a significant interaction between the HED and time across the 8 week diet duration on plasma TG concentrations [F (2, 24) =9.242, p<0.05; Fig. 4B ]. After 49 days on the diet, both the HED-Lean and HED-Obese groups had significantly higher plasma TG concentrations than the control group (both p<0.05). In addition, there was a significant effect of diet on terminal plasma TG concentrations [F (2, 23) =10.345, p<.05; Fig. 4C ], such that the TG concentrations for both the HED-Lean and HED-Obese groups were significantly elevated compared with the control group (both p<0.05).
Correlations
Intake patterns during the first 5 days and over the 8 week duration also correlated significantly with memory, such that total caloric intake correlated significantly with most of the memory measures (all p<0.05; Table 2 ). More precisely, total caloric intake during the first 5 days and over the 8 weeks correlated positively with latency to reach the target quadrant, platform proximity and latency to the platform location and negatively correlated with the amount of time spent in the target quadrant. Lard intake during the first 5 days and over the 8 week duration correlated positively with pathlength (both p< 0.05), whereas sugar intake did not correlate with any of the memory measures at either time point (Table 2) .
Elevations in liver lipids were significantly correlated with memory deficits (Fig 5A-D) 
Discussion
To the best of our knowledge, this is the first study to show that voluntary consumption of a HED impairs hippocampal-dependent memory and that individual differences in weight gain responses to the diet during the first 5 days on the diet predict liver lipid concentrations and memory deficits 8 weeks later. Specifically, rats that gain the most weight during the first 5 days of HED consumption are those that will 8 weeks later have the largest increase in fat pad masses and liver lipid content, and will manifest memory deficits. Memory was impaired only in the HED-Obese group that also had significant elevations in liver lipids. Moreover, liver lipids were significantly correlated with memory deficits.
HED-induced memory deficits were not likely due to ill health or other variables affecting performance (e.g., motoric changes, navigational problems), because the HED-Obese rats were not impaired during the training days and their swim speed was not altered on the memory test. The finding that there was no effect of the HED on the acquisition of the spatial water maze task suggests that the rats were able to learn and retain the location of the platform for short periods of time. Moreover, the fact that the deficits were observed exclusively on the retention test given 48 h after training suggests that the HED specifically impaired long-term storage and/or retrieval.
Our findings are consistent with previous research showing that HEDs impair hippocampaldependent memory (4-6, 24, 25) . The present data extend these previous findings by showing that these deficits occur in a model where rats determine the amount of high-energy foods and total calories that are consumed and nutritious alternatives are available. In addition to being relevant to human consumption patterns, this strategy allowed us to discover that weight gain during the first 5 days on the diet predicts the memory deficits. The voluntary consumption approach also is beneficial in that it also can unmask other effects of HEDs. For instance, voluntary consumption of a 50% high fat diet blunts stressinduced increases in adrenocorticotropic hormone and corticosterone levels, but involuntary consumption of the same diet does not (26) .
There are likely several variables that cause some rats to be resistant to diet-induced increases in weight and obesity. A genetic component is supported by evidence showing that resistance to the obesity-inducing effects of high-energy diets is transmitted across generations (16) . These genetic differences likely influence a number of variables, including sensitivity to the rewarding aspects of food and food cues (27) , preference for dietary fat (20) , motivation to eat (19) , concentrations of hormones and adipokines (16) (17) (18) , responsiveness to satiety cues (18) , and metabolic processes (15) (16) (17) .
The present findings showed that, compared to control rats, HED-Lean rats had increased caloric intake and fat mass, but did not have increased body mass. In rats, voluntary consumption of a high fat/high sugar diet increases activity levels and energy expenditure (28) . This raises the possibility that HED-Lean rats had elevated activity levels and/or increased thermogenesis that prevented increases in body mass and that these increases in energy expenditure could not compensate for the even larger caloric intake observed in HED-Obese rats. This nutrient partitioning away from lean mass and toward adipose mass has been known for decades (e.g., 29) and can occur with a choice lard only (no sucrose) diet, with the choice diet animals significantly overeating and having greater total body fat but equivalent body mass (28) .
An important benefit of employing the tertile split to characterize the different HED phenotypes is that it helps identify which of the many effects of over-nutrition contribute to the memory deficits. For instance, the HED significantly elevated plasma TG concentrations to similar levels in the HED-Lean and HED-Obese groups, but only the HED-Obese group had impaired memory. Therefore, the present findings indicate that elevated plasma TG concentrations are not sufficient to produce memory deficits, and perhaps do not contribute to the deficits. More importantly, the findings suggest that excess liver lipids are associated with the memory-impairing effects of HEDs because liver lipids correlated with memory deficits and only the HED-Obese group had significantly elevated hepatic lipid concentrations and met the clinical diagnostic criterion for NAFLD in humans (greater than 5% lipid concentrations in wet weight, 30, Control: x̄ = 4.05 ±0.22%; HED-Lean: x̄ = 4.87±0.43%; HED-Obese: x̄ =5.90±0.63%). This interpretation is consistent with evidence of memory impairments in self-reports from patients with NAFLD (31). Importantly, fatty liver, rather than obesity may be involved in the negative impact of HEDs on the brain because high fructose diets produce fatty liver (7, 32) and impair hippocampal-dependent memory (4, 7), but do not cause significant weight gain (7, 33) .
The present study did not identify the mechanisms through which HEDs and fatty liver impair hippocampal-dependent memory. High fat diets and fatty liver induce metabolic and endocrine dysfunction, such as alterations in glucose tolerance (28) , insulin and leptin responsiveness (10, 14, 28, 34, 35) and hypothalamic-pituitary-adrenal responsiveness (35) . Moreover, HEDs and NAFLD can be associated with peripheral (36) and central inflammation (37) and oxidative stress (38) . All of these alterations have been shown to negatively impact memory and thus could mediate the deleterious effects of fatty liver on cognitive function.
In summary, the current study demonstrates that weight gain during the first 5 days of a HED predicts liver lipid accumulation and hippocampal-dependent memory deficits 8 weeks later. To the best of our knowledge, this is the first study to demonstrate that voluntary consumption of a HED, at concentrations determined by the rats, impairs memory and that the memory-impairing effects of HED can be predicted. The present finding that excess liver lipids may contribute to the memory deficits is significant given that NAFLD is estimated to be prevalent in 30% of the population and is the most common form of liver disease (9) . Finally, hippocampal lesions increase food intake (39, 40) , which raises the possibility that HED-induced hippocampal dysfunction could lead to over-nutrition. Therefore, our findings that voluntary consumption of a HED impairs hippocampal-dependent memory may have important implications for both cognition and for the development and maintenance of obesity and fatty liver. Mean (+/−) SEM latency to reach the escape platform during 3 days of water maze training. There were no significant effects of diet on acquisition. Scatterplots illustrating the correlation between liver lipids and A) latency to the target quadrant, B) time spent in the target quadrant, C) proximity to the platform location, and D) latency to the platform location. Table 1 Body mass and food intake
Mean ± SEM percent change in body mass after the first 5 days and 8 weeks on the high energy diet (HED) for the control, HED-Lean, and HED-Obese. Mean ± SEM for the food intake data is for the first 5 days and for the 8 week diet duration. Table 2 Correlations between food intake and memory
Pearson r correlations between calorie intake for the first 5 days and for 8 weeks, and multiple measures of memory in the spatial water maze. Non-significant correlations are labeled n.s.
